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In recent years, developments in the field of the synthesis of solution-polymerised styrene butadiene rubbers (SSBRs) have been directed at improving the end service properties of tread rubber compounds based on them. Special attention has been paid to improving the wet road holding characteristics of tyres. This is ensured by using SSBRs with an increased content of vinyl units and styrene, which are characterised by high hysteresis losses of vulcanisates at temperatures close to 0°C. On the other hand, at 60°C, which corresponds to tyre rolling at medium speed, the hysteresis losses of rubber compounds based on SSBR are reduced significantly and approach the properties of rubber compounds based on stereoregular butadiene and isoprene rubbers [1] [2] [3] [4] .
In the classical variant, the production of solutionpolymerised styrene butadiene rubbers on organolithium initiators occurs by the 'live chain' mechanism, with which reactions of chain transfer and rupture hardly occur. As a result, the obtained rubber has a linear structure of macromolecules and a narrow molecular weight distribution (MWD). In spite of this, the use of different initiating systems and polymerisation layouts to achieve the required microstructure results in differences in the molecular structure of the rubbers [5] . The choice of the optimum molecular weight characteristics of the elastomer is a complex problem. Polymers with a narrow polydispersity take longer to mix with the filler, have a complex homogeneous filler distribution, and possess worse extrusion properties and millability. Increase in the polydispersity of the rubber to a certain value leads to an improvement in the processing properties of the rubber mixes without adversely affecting the physicomechanical properties of the rubber compounds [4, [6] [7] [8] [9] . Significant broadening of the molecular weight distribution of the rubber leads to a deterioration in such properties of the rubber compounds as their dynamic strength, rebound resilience, heat build-up, and abradability, and the hysteresis losses increase [4] .
The aim of this work was to investigate the influence of the molecular weight distribution of SSBR specimens of similar microstructure and Mooney viscosity on the processing properties of the rubber mixes and the physicomechanical properties of the rubber compounds.
The production of solution-polymerised styrene butadiene rubber was done on a pilot unit modelling all stages of the industrial production of synthetic rubbers in an inert solvent by the continuous method. Butadiene and styrene were copolymerised in a hexane solvent, and n-butyllithium was used as the initiator. The modifier of the initiator was a mixture of alkali and alkaline earth metal alcoholates [10] . The molecular weight distribution of the copolymer was controlled by changing the modifier content in the reaction medium, with the other process parameters kept constant.
The microstructure of the investigated rubber specimens was determined on a PerkinElmer Spectrum 100 IR spectrometer with an attenuated total reflectance (ATR) attachment in the wave number range 4000-400 cm −1 in accordance with ISO 21561/2 with an accuracy of IR radiation frequency fixing of ±0.5 without preliminary preparation of samples.
The glass transition temperature (T g ) of the trial specimens was determined on a Netzsch DSC 204 F1 Phoenix ® differential scanning calorimeter with a heating rate of 5°C/min in accordance with ASTM E 1356-98.
Investigation of the molecular characteristics was carried out on a Waters Breeze liquid chromatograph on high-resolution styrogel columns with a weight measurement range from 5 × 10 4 to 4 × 10 6 . Tetrahydrofuran was used as the eluent. The working temperature of analysis was 40°C. Data from the gel chromatograph were assessed using Waters applied programs.
The Mooney viscosity and stress relaxation were determined on an Alpha Technologies MV2000 Mooney viscometer according to GOST R 54552-2011 at a temperature of 100°C. The result of measurements was taken to be the viscosity value after 4 min testing with preliminary heating for 1 min. The relaxation properties of the rubbers were assessed over a period of 2 min after the rotor had stopped. The coefficient of relaxation k and the slope α were calculated in an automatic regime using the inbuilt Daisy instrument control program. From the obtained values of k and α for each SSBR specimen, the areas beneath the relaxation curve A were calculated according to the formula given in the GOST R 54552-2011 standard.
The rubber specimens investigated were tested in the composition of rubber mixes according to ISO 2322. The process of rubber mix preparation was in two stages: mixing in an internal mixer and the introduction of the vulcanising agents on a laboratory mill. Mixing in a Rheomix 3000 OS internal mixer on a Polylab OS laboratory unit was carried out at a charging temperature of 60°C and a rotor speed of 50 r/min for 6 min. The vulcanising agents (sulphur and accelerator) were introduced on a Polimermash Sm 350 150/150 laboratory mill at a roll temperature of 40 ± 5°C.
The rheometric characteristics were determined on an Alpha Technologies MDR-2000 instrument according to ASTM D 5289 at 160°C for 30 min and a strain amplitude of 0.5°. The rubber mixes were vulcanised in a Joos LAP-100 vulcanising press at 145°C for 50 min.
The Payne effect, which indicates the degree of dispersion of the filler, was assessed from the change in the shear dynamic modulus (G) of the rubber mixes in a strain amplitude range of 1-50% at 100°C on an Alpha Technologies RPA-2000 instrument. The viscoelastic properties of the investigated specimens were also determined on the RPA-2000 instrument according to ASTM D 6601 in a shear strain regime, and the mechanical loss tangent tg δ at 60°C was used to determine the rolling losses of the rubber compound.
The millability of the rubber mixes was determined in accordance with the procedure indicated in GOST 19920.19-74.
Specimens for physicomechanical tests were prepared according to GOST 269-66. The elastic strength properties were determined according to GOST 270-75. The Shore A hardness was determined according to GOST 263-75. Rebound resilience tests were conducted on a Schob instrument according to GOST 27110-86. The relative hysteresis was determined on a Monsanto Tensometer T2000 tensile testing machine according to GOST 252-75.
The results of analysis of the micro-and macrostructure of the investigated SSBR specimens are presented in Table 1 .
From the data given in Table 1 it can be seen that the specimens are characterised by a Mooney viscosity in the range 63-65. The content of vinyl structures lies at ~66 wt%, and the concentration of styrene units amounts to ~22 wt%. This determines the fairly close glass transition values of the investigated SSBRs. The main differences between the investigated specimens are their molecular weight characteristics. Thus, broadening of the MWD is due to a reduction in the number-average (M n ) and an increase in the weight-average (M w ) molecular weights (MWs). Increase in the z-average MW by sedimentation (M z ) correlates with an increase in polydispersity. Such behaviour of the molecular parameters of SSBRs is accompanied with increase in the proportion of highmolecular-weight fraction (over 10 6 ) and a simultaneous increase in the concentration of macromolecules with an MW of less than 10 5 .
Relaxation tests on a Mooney viscometer showed that, with increase in the polydispersity of the rubber, slowing down of the relaxation processes occurs, which is reflected in a reduction in the relaxation index |α| and an increase in the area beneath the relaxation curve A ( Table 1) . The directly proportional nature of the dependence presented in Figure 1 makes it possible to assume that, irrespective of the MWD level, the polymer macromolecules retain a preferentially linear structure. Here, increase in the relaxation time is due to increase in the proportion of high-molecular-weight fraction, which leads to the formation of a fluctuation network with a greater number of crosslinked points (entanglements).
It must be noted that the determination of the relaxation indices depends on the conditions of measurements and design features of the instruments. Thus, data on the reproducibility of the results of determining the relaxation properties, given in GOST R 54552-2011, indicate a significant divergence of data between laboratories. Nevertheless, the obtained dependence (Figure 1) indicates the possibility of applying this method for laboratory assessment of the molecular weight distribution of linear SSBRs. Table 2 presents the results of tests of rubber mixes and rubber compounds based on trial specimens.
The viscosity of the rubber mixes in the series of specimens 1 to 4 decreases from 109 to 98 ( Table 2) . From the results of determining the Payne effect it follows that the rubber mixes have a similar degree of dispersion of filler in the polymer, and the influence of this factor on the viscous characteristics of the mixes is minimal. The possible reason for the discovered effect may be the plasticisation of rubber during processing and/or the presence of low-molecular-weight fraction. Thus, the conducted milling of the investigated SSBRs at 40°C and a roll gap of 0.8 mm for 10 min showed a reduction in viscosity for the studied series from 1.0 to 3.9. According to data of Koshelev et al. [11] , macromolecules preferentially with a molecular weight of over 400 000 are prone to degradation. Consequently, with a higher content of the given fractions in the rubber, Figure 1 . The influence of the polydispersity of specimens on the relaxation properties of SSBRs increase in the degree of plasticisation of the SSBR is possible [4] . In the process of mixing with carbon black according to the standard formulation in the absence of plasticiser, the high shear loads that arise may lead to greater degradation of the macromolecules and, as a consequence, to a more significant drop in rubber mix viscosity. At the same time, the practically twofold increase in the content of low-molecular-weight fraction with increase in the polydispersity of SSBR from 1.8 to 3.2 should not be ignored. In our opinion, reduction in viscosity of the rubber mixes based on the studied rubbers is due to the influence of both factors.
Irrespective of the molecular characteristics of the trial specimens, rubber mixes based on them possess good millability, and the critical gap size amounts to 1.5-1.6 mm ( Table 2 ). According to Kuperman et al. [6] , this is due to increase in the processability of mixes based on SSBR with a content of styrene units of over 20 wt%. Assessment of the extrudability of the rubber mixes, determined from the change in tg δ in a strain regime at a temperature of 100°C, indicates that all specimens have a similar level of processing properties (Figure 2) . At the same time, the trend of increase in tg δ with reduction in the polydispersity of the rubber indicates an improvement in the plastoelastic properties and processability of mixes based on narrow-disperse SSBRs.
From the results of determining the rheometric indices ( Table 2 ) it follows that, for rubber mixes, with increase in the polydispersity of the rubber, there is a simultaneous increase in minimum torque M L and reduction in maximum torque M H . It is most probable that, in the case of M L , the discovered effect is due to the influence of the fluctuation network of the initial rubber. The change in M H is due to the formation of a more homogeneous vulcanisation network with narrowing of the MWD of the specimens. The length of the induction period and the vulcanisation time are not dependent on the molecular weight characteristics of the polymer.
Earlier [12] it was shown that, for rubber compounds based on SSBRs, the strength indices plateau out once a number-average molecular weight of the order of 150 000 is reached. The data given in Table 2 confirm this. Irrespective of the level of polydispersity, the specimens have similar tensile strength and elongation at break values.
Change in the molecular weight characteristics of the rubber mainly affects the properties of the rubber compounds under conditions of dynamic loading. With expansion of the MWD of the rubber, there is a trend towards increase in the hysteresis losses and reduction in the rebound resilience of rubber compounds ( Table 2) . Tests for determining tg δ at 60°C indicate a similar dependence (Figure 3) . It can be seen that rubber compounds based on narrow-disperse specimens show a reduction in tg δ values and consequently in the rolling resistance of the rubber compounds. In this case, increase in M n with reduction in the coefficient of polydispersity of the rubber of prescribed viscosity has a positive influence.
Calculation of the road holding properties and abrasion resistance of rubber compounds by means of empirical equations [13] did not reveal any significant differences between specimens, and therefore similar characteristics of vulcanisates based on the investigated SSBR specimens can be expected according to the given service properties ( Table 2) .
Thus, for the studied series of specimens, change in the polydispersity of solution-polymerised styrene butadiene rubber affects the viscosity of the rubber mixes and does not affect the strength properties of the vulcanisates. Change in certain dynamic properties of rubber mixes is due to the influence of the fluctuation network and fractional composition of the rubber. Critical for the dynamic properties of the rubber compounds, primarily tg δ at 60°C, is the level of the number-average molecular weight of the SSBR. In terms of the combination 
